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SUMMARY

Theoretical and experimental investigations of the
effect of frictional heat on the rate of heat transmils-
sion at high fluld velotities are briefly reviewed. On
the basis of these investigations, calculations are made
which show that the use of the stagnation temperature of
the cooling alr as the effectlive temperature for heat
transfer in an alrcraft heat exchanger 1s sufficlently
accurate.

INTRODUCTION

No new analyses or experirents are given in the
present paper. Its purpose 1s to poiInt out that, on the
basls of existling information, the proper coollng-air
temperature for use 1ln alrcraft-heat-exchanger calcula-
tions is, to & sufflclent degree of accuracy, the stag-
nation temperature of the coolling alr.

At the present tlme some uncertalnty exists con-
cerning the proper cooling-alr temperature to be used
in calculations of rate of heat transfer when the
veloclty of the cooling alr across the heat-transfer
surface 1s high, or when the veloclity 1s low but the
alr has been slowed down from a high-velocity alr stream.
Conventional heat-transfer coefflclents generally have
been determined from measurcments made at rather low air
velocltles. At high velocities, the heat generated 1n
the bomndary layer by friction may be -an- Important fac-

- tor in the rate at which heat 1s transferred across the
boundary layer from the surfasce to the fluld. The effect
of the frictional heat, which 1s negligible at low alr
veloclitles, 13 not included in the .conventlonal low-
veloclty coefficilents of heat transfer or in the



conventional definition of the temperature dlfference
between the surface and the fluld. The problem of
finding the equation for rate of ‘heat transfer that pro-
perly takes into account the conditions in the boundary
layer for high fluld velocities has been undertaken by a
number of investigators. Because the mathematics of the
problem 1s complex and simplifyling assumptions must be
made in order to obtain solutiornts, rigorous results for
all types of flow have not yet been obtalned. Because
many different equations have been derived, some confu-
sion exists. Actually, when typlcal numerical values
are substituted in the various equaticns, the results,
though differing slightly in numerical value, are all of
the same order of magnitude. The present paper shows
that, for alircraft heat exchangers, a rigorous equation.
for high-velocity heat transfer 1s not necessary but
that, on the basis of the investigations reviewed, suf-
ficlent mccuracy results from the use of the stagnation
temperature as the effective temperature of the coolling
alr.

SYMBOLS

cp speclific heat of fluld at censtant pressure,
Btu per pound per OF

£ friction factor, dimensionless

g acceleration due to gravicy, feet per second
per second ’

h coefficlent of heat transfer for low fluld
veloclitlies, Btu per second per square foot
per OF

H rate of heat transfer, Btu per second

mechanical equivalent of heat (778 ft-1b/Btu)

k thermal conductlivity of fluld, Btu per second
per sguare foot per OF per foot

P rate of doing work agalinst frilction, foot-pounds
per second



Pr

AT

(AT) o

Ters
(AT) orr

Prandtl number, dimensionless, (cppg/k)
surface area for heat transfer, square feet
temperature, ©F..

temperature difference, OF

free-stream temperature of fluid, °F

adiabatic temperature change due to compression,

fluid temperature effective for heat transfer, OF
difference between T ppand Te, op

actual temperature of fluld outslide boundary
layer, OF

tegperature of fluid at heat-exchanger entrance,
P

temperature of fluid at heat-exchanger exit, OF

‘stagnation temperature of fluid, °F

stagnation temperature of fluid at heat-exchanger
entrance, 9%

stagnation temperature of fluld at heat-exchanger
exlt, OF

temperature of wall, ©F
veloclty of fluld, feet per second
free-stream velocity of fluld, feet per second

veloclty of fluld et heat-exchanger entrance,
feet per second

velocity of fluld at heat-exchanger exlt, feet
per second

welght rute ot flow of fluld, pounds per second

normal distance from flat plate, feet




1% coeffliclient of viscosity of fluild, slugs per
font-second

P mass density of fluid, slugs per cublc foot

T frictlonal resistance per unlt surface area,

pounds per square foot
DISCUSSION

Consider a flat plate with its axls along the flow
directlon. The rate at whlich heat is transferred between
the plate arnd the Tluid 1s determined by the temperature
gradlient at the plate in the boundary layer of the fluid
and by the thermal conductivity of the fluld; that 1s,

% ) k(g§>y=0

The method of determinlng, from the differential equa-

. tlons of the boundary layer, the effect of the frictlonal
heat on the temperature gradlent need not be discussed

In the present paper. An ldea, however, of the reason
that the frictlonal heat may be an important factor at
high speeds can be had from the followlng slmple analysls:

The frictlonal reslstance per unlt surface area Is
the product of frictlon factor and dynamle pressure

T = fﬂgg

The rate at which frictional work 1s done per unit sur-
face area 1ls

-
i
-1
<

£pVo




The rate of heat transfer per unlt surface area is

talrd

=h AT

.. PERRC

The ratlo of work done to heat transferred is then

:

H i

2h AT

By using the relation discussed 1n reference 1 for cor-
relating friction and heat transfer

on = °E§pr

(Pr)z/s

the ratilo between frictlonal work and transferred heat
18 obtalned as

2 — V2 (Pr\ﬁ/S
H Cp& aT (1)

The ratio of the heat generated in overcoming friction
to the heat transferred between surface and fluid 1is
thus proportionsl to the square of the fluld veloclty.
It 1s therefore to be expected that the effect of the
frictional heat 1s most pronounced at high velocltles.

The problem of obtalning a rigorous expression for
rate of heat transfer with high fluld velocitles has
been the Bubject of a number of investigations. Some of
the results that have been obtained are brlefly dlscussed.

For laminar flow, analyses (references 2 and 3) show
that the proper temperature difference for use in calcu-
lating rate of heat transfer for high velocities and
with use of the usual low-veloclty coefflcients 1s the
difference between the wall temperature T, and the ef-

fective temperature Tgps, Where Tegry 1s a function of




the Prandtl numbén of the fluid, the fluld temperature
outside the boundary layer Tg, and the increase 1n
temperature that would result from complete adlabatlc
arrest of the flow outside the boundary layer (AT) gq-
The quantity

cAT)eff = Teff-Tf

can be found from figure 1, which.1s taken from filgure
2 of reference 2.

2Q.O ]
10.0
' . e
4.0
(AT) gpp ///’/’
o4

1 4 310 40 100 400 10CO

Prandtl number, Pr

Figure l.- Ratlo (AT)gre/(AT),q @s a function of Prandtl
nwiber for laminar flow. (From fig. 2 of reference 2.)

Fof alr, the Prandtl number of which.ls about 0.75,
the yalue of (AT)ges/(AT)gqq 1s approximately 0.85. The
rate of heat transfer between an element of wall area S
and alr in. laminar flow is then caloulated by the equa-~
tlon .

wlm

h(Tw‘Teff)
= h[Ty-Te-(AT) grsl
h[Ty-T£=0.85(AT) gq
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For a given fluid, (AT)ad (in ®F) 1ia a function of only
veloclty. For alr, :

(AT)gq = (0.B32x10"%)VR

That the temperature T,sp produced at the wall by
"friction should be a fupction of the Prandtl number Pr
of the fluld seems reasonable because the rate at which
heat 1s generated in the boundary layer is proportional
to the coefficlent of viscosity of the fluid u, Ilnasmuch
as

oV .
T = .p,(—l—-

and because the rate at which heat is conducted -cross
the boundary layer 1s proportional to the thermal con-
ductivity of the fluld k.

Expreriments made with air flowing past unheated
surfaces, which are reported in references 4 and 5, have
corroborated the relation

(AT)eff = 0485(AT)ad

for laminar flow. (See fig. 2 which 1s taken from
fig. 4 of reference 4.)

Laminanr ! Turbulent
.90 }
| e
(AT) orf 85 e
(AT)ad
.80

10° 2 468 106 2 4

Reynolds number

T'igure 2.~ Ratlo (AT) r /(AT)a .as a function of
Reynolds number. Axga{ wire ?h flow of air through
nozzle. (From fig. 4 of reference 4.)




. For turbulent flow, uncertainty.concerning the exact
distribution of veloclty in the laminar sublayer at .the
fluid boundary  and concerning conditions at the interface
between the laminar sublayer and the buffer layer, to-
gether with thé difficulty of obtiaining a solution to the
differential equations of the boundary layer, has led to
somewhat different results In different lnvestligatlons.
Reference 6 glves as the effective ‘fluld temperature Teff
the full stagnation temperature, with rate of heat
transfer calculated by the equation

H _
b = h(TyTers)

’ = -h[Tw-T-f— (AT) ad:[

The result, however, 1s not rigorous because the laminar
sublayer 18 not taken into account. In reference 7
another relation 1s derlved but, according to a statement
in reference 8, the analyslis 1s based on relatively rough
assumptions. In reference 8 the analysis takes into ac-
count the laminar sublayer, but both the orifginal and the
revised analyses gilven In reference 8.appear to be based
on assumptions that may not be wholly corréct.: The re-
vised analysis also appears to contain algebraic mistakes.
In reference 9 the problem 1s treated only for flulds
that have a Prandtl number of unity. For such flulds,
Tepr 18 found to be the full stagnation temperature and

1
S = BT ~Tp=(AT) ]

Many other references might be mentioned - for example,
about 20 papera relatea to the subject are referred to

in reference 10. None of them, however, seems to be
entirely unquestlionable, but all derlve answers that,for
alr, are of the same order of magnitude. As will be
shown later, however, the ripgorous solution of the pro-
blem 1s not necessary for practicable heat-exchanger cal-
culations, and only the order of magnitude of the answer
1s needed.



The only experimental determination of Tgee for
high-veloclty turbulent flow appears to be some measure-
ments made with air and reported in reference 4. These
measurements consisted of the dgterminit;gg of the tem-
perature assymed by a wire placed axia n a nozzle.
The results are shown in figure 2. Figure 2 shows that
the ratio (AT)gre/(AT)gq 18 slightly higher for turbu-
lent flow than for laminar flow and, at least for the
range of Reynaolds number showh, 1s of the order of 0.88.

For the entrance region of a heat exchanger, in
which the velocity profile in the fluid 1s strongly de-
pendent upon the distance from the leading edge, no
analgsls has been made.

Equation (1) shows that the pumping power for a
heat-transfer surface 1s proportional to the square of
the fluld velocity. That the fluld velocity should be
kept low in heat exchangers 1s generally realized. The
discussion in the present paper of the correct fluld
temperature for heat-transfer calculations with high
fluld velocltles 1s therefore primarlly of only academilc
interest. (An exception, however, is the relatively
rare case of heat transfér from an airplane wing.) In
most heat exchangers, the alr velocity 1s low enough
that the effect of frictlonal generation of heat on the
alr temperature 1s unimportant. On the other hand, the
airplane velqclty 1s generally high enough that the
adlabatlic rise 1n temperature of the alr between the
free stream and the entrance to the exchanger must be
taken into account. Inasmuch as the lndicatlions are,
as has been previously discussed, that the effective
temperature rise l1s given by practically the same
equation as the compressional stagnation temperature
rise and because the actusl compressional rise generally
1s almost complete stagnation rise, calculations of rate
of heat transfer in a heat ex¢hanger will usually be
sufficiently accurate if the temperature of the cooling
alr at the entrance to the heat exchanger is taken to be
the full stegnation temperature of the free-stream ailr

Ten = Tg = To+(AT)gq
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TABLE I
COMPARISON OF ACTUAL, .STAGNATION, AND EFFECTIVE AIR
TEMPERATURES FOR VARIOUS VALUES OF V., LND FOR
V. = 500 mph

(o]
(me 2 (op ® "o om® | oy °
) 400 16.2 45 42.1
300 28.8 45 43.;
200 7.8 4% 44,3
100 43 .2 45 44.8

Table I permits a comparison of the values of the
actual inlet temperature Ty and the stagnation tempera-

ture Ts with the approximate values of the effective
temperature Teff for varilous entrance velocities and

for a free-stream velocity of 500 miles per hour. The
values shown in the table were calculated.as follows:

For a velocity of 200 miles per hour in the heat-
exchanger .entrance, the a¢tpal fluld temperature Iin. the
exchenger entrance:in CF. 1s

Ten = Tot (1.8x10-4) [_(500)2-(200)2_]

= T +37.8

Stagnation temperature in OF 1is

T

g = Tot+{1.8x107%) (500)%

= T,+45
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The temperature that 1s effeetive for heat transfer
Tepr 1n OF 18, according to the data of figure 2, of

the order of

Teps = To+(1.8x10-4) [}'500)2-(200)2+o.9(200)2]

= Tg+44.3

A comparison of the stagnation temperatures with
the effective temperatures shown in the last two colurms
of table I shows that, at all cooling-alr velocitiles,
the difference hetween the two temperatures is insigni-
flcant. It therefore appears that use of full stagna-
tion temperature as the temperature effectlve for. heat
trarisfer 1s sufficlently accurate for the calculation of
heat transfer 1in alrcraft heat exchangeres.

Two further Interestling facts can be mentioned. In
calculating heat transfer at high altitudes, 1t is more
deslirable to use the exact heat-balance equatlion

H = Wep(Tex-Ten) *2Tg(Vex2~Vens) (2)

than the lnexact but more generally used equation

LY

H = W, (Tox-Ten) (3)

At low altitudes, the last term in equation (2) 1s usual-
1y negligible but, at high altlitudes, may be lmportant.
If the effectlive temperature 1s taken as the stagnation
temperature

Ter = Torr = Tg

calculations in which equation (2) is used are greatly
gimplified. The simpliification results from the fact
that equation (2) can be written
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H = We =T
p(&sex sen)

It should also be polnted out that use ¢f the stag-
nation températures of the cooling alr and the engine air
instead of the actual fluld temperatures in caliculations
for cross-flow intercoolers in no way lnvalldates
Husselt's determination of the mean termperature difference
in cross flow (reference 11l). Nusselt's calculation of
mean temperature difference is based on the actual tem-
peratures of the flulds and on the approximate heat-
balance equation (3). An inspection, however, of hils
analysls shows that 1f, in the analysls, actual tempera-
tures are replaced by stagnation temperatures and the
approximate heat-balance equation (3) 1s replaced by
the exact equatien (2), the analy=sls proceeds exactly
as flven by Nusselt and the same numerical results are
obtalned.

CONCLUDING RTEMARKS

A brief review has been glven of the investigatlions
of the effect of boundary-layer Leat on rate of heat
transmission. Calculations based on the results of
these investigations showed that sufficlent accuracy can
be obtained 1n calculatlons of the rate of heat transfer
in alreraft heat exchangers by using the stagnation tem-
perature of the coolling alr as its effectlive temperature.

Langley Memorial Aeronautlical Laboratory,
National Advisory Committee for Aeronautlcs,
Langley Fleld, Va.
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